The neuroanatomical and pathophysiological basis of primary generalised absences is uncertain. Administration of endogenous opioids has been shown to result in absence-like seizures in animal models. Positron emission tomography scans were performed in eight patients with primary generalised epilepsy and eight control subjects. Regional cerebral blood flow was measured interictally with C15O2, after which a 90 minute dynamic study with the opioid-receptor ligand '"C-diprenorphine was performed. Serial absences were precipitated by hyperventilation for 10 minutes, starting 30-40 minutes after injection of diprenorphine. Absences, with generalised spike-wave discharges on the EEG, occurred for between 10% and 51% of the provocation period. No individual (normal or patient) had any interictal focal abnormalities of cerebral blood flow. After provocation of serial absence seizures, there was increased diprenorphine elimination from the association cortex, but not from the thalamus, basal ganglia, or cerebellum, compared with control subjects and patients scanned without provocation of absences. It was possible to simulate the observed increased diprenorphine elimination following seizures in cerebral cortex using a two tissue compartment model, with an estimated 15-41% decrease in the specific tracer uptake rate constant (k,). These results suggest that endogenous opioids are released in the association cortex at the time of serial absences, lead to increased receptor occupancy, and may have an important role in the pathophysiology of generalised absences.
ligand '"C-diprenorphine was performed. Serial absences were precipitated by hyperventilation for 10 minutes, starting 30-40 minutes after injection of diprenorphine. Absences, with generalised spike-wave discharges on the EEG, occurred for between 10% and 51% of the provocation period. No individual (normal or patient) had any interictal focal abnormalities of cerebral blood flow. After provocation of serial absence seizures, there was increased diprenorphine elimination from the association cortex, but not from the thalamus, basal ganglia, or cerebellum, compared with control subjects and patients scanned without provocation of absences. It was possible to simulate the observed increased diprenorphine elimination following seizures in cerebral cortex using a two tissue compartment model, with an estimated 15-41% decrease in the specific tracer uptake rate constant (k,). These results suggest that endogenous opioids are released in the association cortex at the time of serial absences, lead to increased receptor occupancy, and may have an important role in the pathophysiology of generalised absences. The neurochemical mechanisms and the anatomical sites involved in the genesis, propagation, and termination of primary generalised seizures are uncertain. Possibilities for the anatomical substrate include occult cortical foci, a diffuse cortical abnormality, and a subcortical focus that drives epileptic activity in the cerebral hemispheres, with involvement of a thalamocortical loop.l-4 There is controversy regarding the role of endogenous opioids in the genesis of partial and tonic-clonic seizures, but there is a considerable body of evidence that opioids are released at the time of such seizures and may exert an antiepileptic effect and contribute to post-ictal depression and a rise in seizure threshold.5-9 In contrast, absence-like seizures may be provoked by the administration of endogenous and exogenous opioids, and prevented by anti-absence medication and opiate antagonists, implicating a role for endogenous opioids in the genesis of generalised absences. 1013 It has been shown that endogenous opioids can displace 3H-diprenorphine, a synthetic p, K 12  PHT 400  0-5  23  40-50  2  F 20  CAE  13  PHT 300  1-7  39  40-50  ESM 1500  3  M 49  CAE  40  VPA 2000  0-4  35  40-50  4  F 41  JAE  21  VPA 1500  1-8  29  30-40  5  F 25  JAE  13  CBZ 900  0 7  41  30-40  CLOB 10  6  F 20  CAE   12   ESM 750   0 3  10  30-40  VPA 2000  7  M 32  JAE  17  CBZ 800  7-0  51  30-40  8  M 32  CAE  24  VPA 1500  0-7  41 (fig 1) . The regions of interest template was placed on the following regions (the number of 7 mm transaxial planes contributing to each region are indicated in parentheses): brainstem (six), thalamus (two), caudate (three), putamen (three), cerebellum (four), anterior (six) and posterior (five) cingulate gyrus, frontal (eight), sensorimotor (five), medial (three) and lateral (five) temporal, parietal (five) and occipital neocortex (three). Time-activity curves, corrected for the physical decay of "1C, were constructed for individual regions of interest and curves of those regions belonging to each of the 13 predefined anatomical regions were combined and averaged. Analysis was in two parts. First, to control for the differences in injected radioactivity, the possibility of different volumes of tracer distribution in brain tissue, and for the differences in transport of tracer between plasma and cerebral extracellular space in different individuals, the decay-corrected regional time-activity curves were normalised to an amplitude of 100 over the period of 15-30 minutes post-injection. This period was chosen, as opposed to normalising to peak activity, as the time-activity tissue curve had flattened and so was less blood flow dependent, and also because it immediately preceded provocation by hyperventilation. The normalised tracer washout in the period from 60 to 90 minutes post-injection was then compared between all patients and normal subjects with analysis of variance. Secondly, a computed simulation was performed using the average time-activity curves of the five patients who hyperventilated from 30 to 40 minutes, comparing them with the averaged data of the eight normal subjects,.
using the primary visual cortex as reference tissue. Estimation of the extent of possible changes in the rate constants (K1, k,, k, and k4) during the period of hyperventilation was based on the reference tissue model described in detail by Cunningham et al (fig 2) . 25 26 This model assumes that specific binding of the ligand is negligible in a reference region and that the ratio of the rate constants describing the transport of ligand between the vascular and tissue compartments is the same in a reference region (K1*/k2*) as in a region in which specific binding occurs (Kl/k2). A nonlinear least mean squares fit of the tissue time-activity curves from the two regions was carried out on the averaged data of the normal subjects, in order to estimate the binding potential (k,/k4).
The effects of changing the values of K1, k2, k3 and k4 for the duration of the 10 minute provocation period only, and also for the remainder of the study, on the shape of the computer-simulated curve were determined (fig 3) , and the results compared with the fit of the tissue time-activity curves from the patients. In this way we sought to estimate the degree of change in the binding potential (k,/k4) at the time of absence seizures and to test the robustness of this result in relation to possible changes in the other compartmental transfer constants. A decay and metabolite corrected arterial input function from a normal subject was used in the computed simu- 
Region of Results interest
In all patients and normal subjects, the interictal C1502-scan showed no focal abnormalities of cerebral perfusion. Serial absences were induced during the 10 minute period of hyperventilation in all patients. Generalised spike-wave discharges occupied between 10% and 51% (median 37%) of the provocation period (table 1; fig 4) . The amount of spontaReference neous spike-wave activity occurring between region diprenorphine injection and provocation by hyperventilation was 0-3-7 0% (median 0 7%). The amount of spike-wave activity returned to the baseline rate over 1-5 minutes after the end of hyperventilation. The five patients restudied interictally, without hyperventilation, had spike-wave activity for 0-2-5%, median 1-5%, of the duration of a region in these scans. The EEGs of all control subjects ); k4 =k; were normal.
The rate of "IC-diprenorphine metabolism (fig 6) .
The extent of increased tracer washout in patients following hyperventilation was not correlated with the number or duration of , absences provoked, the time taken for absences to subside to the baseline rate after the end of hyperventilation, the rate of diprenorphine metabolism, the severity or age of onset of epilepsy, age at time of study, or medication taken.
Comparison of normalised time-activity curves of the control subjects with normative data and simulated time-activity curves J-'.-_'-~showed no increase in the loss of tracer after hyperventilation from any cerebral region. When the averaged time-activity curves of the yi. The five patients who hyperventilated from 30 to 40 minutes and the eight normal subjects Time (minutes) Figure 6 Normalized "C-diprenorphine kinetics (mean, SD) in association cortex (frontal, parietal, and temporal) of the eight control subjects, and showing effect of hyperventilation-induced absences at 30-40 minutes, in five patients studied with and without provocation ofserial absences. 3b, 3c) . The essential parameter that is altered in this simulation is the binding potential (k,Jk4); doubling k4 has an equivalent effect to halving k,.
Simulation of the effects of changes in cerebral blood flow showed that a four-fold and ten-fold increase in blood flow, from 30 to 40 minutes, had only minimal effects on the diprenorphine time-activity curve (fig 3a) .
Discussion
The principal finding of this study was an increased loss of "IC-diprenorphine associated tissue radioactivity following serial absence seizure, from association cortex, compared with patients scanned interictally and hyperventilating control subjects. These observations suggest that the reduced tracer retention was associated with the flurry of absences in itself and was not a result of the condition of epilepsy or of hyperventilation. The effect was site selective. Thalamus, basal ganglia, cerebellum, occipital, and sensorimotor cortex did not show increased loss of "IC-diprenorphine signal after serial absences. Although there was reduced retention of 11C-diprenorphine in the brainstem of patients after serial absences compared with controls, there was no significant difference between patients studied with and without provocation of absences. In consequence no definite conclusions about changes in diprenorphine binding in the brainstem, in association with serial absences, can be drawn. The divergence of the ictal and control time-activity curves appeared to follow the occurrence of serial absences, at 30-40 and 40-50 minutes, and there was no evidence to suggest that this preceded the development of absences. The temporal resolution of the dynamic changes in diprenorphine binding was limited, however, and it was not possible to identify definite differences between the time-activity curves of patients who hyperventilated at 30-40 or 40-50 minutes. Further, absences occurred in flurries throughout the provocation period and signal to noise limitations precluded a more detailed temporal analysis of the dynamic changes in "C-diprenorphine binding during this time.
In the patient group, the extent of increased diprenorphine washout after hyper- ventilation did not correlate with identified clinical factors (medication, age of onset, duration of epilepsy, occurrence of tonicclonic seizures), frequency of absences at baseline and on provocation. The basis of the variation in degree of -response is uncertain and merits further investigation. This investigation was limited to subjects aged over 18 years by radiation protection regulations. The patients were highly selected, on the basis of having typical absences that had not remitted and which could be precipitated by hyperventilation. In consequence, it is not certain whether the results of this study could be extrapolated to apply to the generality of younger patients with childhood or juvenile absence epilepsy.
Great care was taken to eliminate the confounding effects of subject movement. Continuous EEG monitoring enabled precise quantification of the amount of spike-wave activity in the patients at the time of hyperventilation. No absences occurred during the central blood flow scans. Our data exclude differences in "IC-diprenorphine metabolism between patients and control subjects, and any effects of hyperventilation in themselves, as causes of the peri-ictally increased loss of tissue tracer in the patients. The quantities of the cold diprenorphine injected together with "IC-diprenorphine were always less than 03 3ug/kg, and this has been shown to have a negligible effect on receptor occupancy in vivo. 26 The computed simulation, based on a two tissue compartment model, indicated that even a 10-fold increase in cerebral blood flow at the time of provocation of absences would have only a marginal effect on the tracer kinetics and could not account for the observed "C-diprenorphine washout during seizure activity. Further, the decreased "IC-diprenorphine binding after serial absences was site selective, whereas the increase in cerebral metabolism and blood flow that has been demonstrated during absences is diffuse and global, including caudate and thalamus. 27 It seems likely that our observation of increased tracer washout after seizures was the consequence of a fall in binding potential for diprenorphine. In the cerebral areas in which peri-ictal changes were observed, the value of k3 is about four to six times higher than the values of k4 (fig 2) .1826 A simulation with typical values of k3 and k4, showed that doubling k4 had approximately the same effect on a simulated time-activity curve, as halving k3. Our data suggest a fall in binding potential (k3/k4) following serial absences but do not allow differentiation between changes in k3, the specific tracer association rate constant, and k4, the dissociation rate constant.
The most likely explanation for our data is a fall in k3 following serial absences, caused by a decrease in the number of opioid receptors available to bind labelled diprenorphine, rather than an increase in tracer dissociation (k4). Opioid receptors have a turnover time of the order of days, making it unlikely that changes in total receptor density are the explanation of our data.28 Release of endogenous opioids at the time of, and following absence seizures, which then compete with "'C-diprenorphine for specific binding sites would explain such a fall in k,.
The extent of the observed changes indicates a marked biological effect. Complete arterial input curves were not available for all subjects, so the simulation was based on occipital cortex as a reference input function. The occiput has about 15% of the opioid receptor density of the average neocortex.'8 Though this is comparatively small, it results in a slight overestimation of the changes in k, in our computed simulation.
The computed simulations provided an estimate of the magnitude of the fall in binding potential that would explain the data. If binding potential was only reduced for the 10 minutes of the provocation period and then returned to baseline values, a much larger reduction of binding potential would be necessary to fit the experimental data than if the reduction of binding potential were maintained over the subsequent 60 minutes of the study (figs 3b, 3c). The gradual divergence of the control and postictal time-activity curves would favour a more modest reduction of binding potential that persists for the remaining 60 minutes of the scan, but our data do not exclude the possibility of a more marked short term effect. Our estimation of a 15 to 41% reduction in binding potential is of similar magnitude to the approximately 30% reduction of 3H-diprenorphine binding seen after depolarisation induced endogenous opioid release in hippocampal slices, and was similar to the 15-30% reduction in "C-carfentanil binding in amygdala, temporal and cingulate cortex and thalamus found after electroconvulsive treatment and attributed to increased receptor occupation by endogenous opioids. 14 29 We suggest therefore that our data indicate the release of endogenous opioids at the time of serial absence seizures in the assocation areas of cerebral cortex, but not in thalamus, basal ganglia, or cerebellum. It is unclear whether diprenorphine binding in the brainstem is affected by serial absences.
The induction of absence-like seizures in rodents by enkephalins and prevention by ethosuximide, valproate and opiate antagonists suggest that enkephalins may have a role in the genesis of absences.011 '13 In contrast, the release of endogenous opioids, following convulsive seizures, has been suggested as a mechanism for suppressing further ictal activity.9 12 30 31 The patients we investigated did not have convulsions in the course of their PET studies. Although it is possible that endogenous opioid release may have been an epi-phenomenon to the provocation of serial absences, we speculate that these data indicate release of opioids, in vivo, that have a role in the pathophysiology of the absence seizures. There was no correlation between the number of absences provoked and the extent of reduced diprenorphine retention, suggesting the possibility that opioid release is one factor in a multifactorial process. The limited temporal resolution of the study does not allow determination of whether opioid release precedes, or is subsequent to, occurrence of absences, as these occurred in flurries over the 10 minute provocation period.
It is of note that we found evidence suggestive of endogenous opioid release in the cerebral cortex but not in the thalamus. Thalamocortical loops are implicated in the generation of absences34 and it is possible that the effects of endogenous opioids on this circuit are mediated through the association areas of the neocortex.
In a mouse model of generalised absence epilepsy, methionine enkephalin levels were increased in cortex, striatum, and brainstem, 
